INTRODUCTION {#s1}
============

The number of patients with heart failure that may benefit from transplantation has always been far in excess of that of the actual numbers of transplants performed, but over recent years that discrepancy has further widened. For instance, over the last decade, there has been a steady increase in the numbers of patients listed for transplantation in the USA while the numbers of patients transplanted there remains static \[[@EZU258C1]\].

However, in the UK, at least until recently, there was a near 50% decrease in numbers of adult heart transplants \[[@EZU258C2]\].

The bridge-to-transplant (BTT) indication for ventricular assist devices (VADs) aims to support patients until a suitable organ can be found. In the USA, there has been a prioritization of stable VAD patients on the transplant list, a concept that arose from earlier generations of VADs when complication rates were higher than with current devices \[[@EZU258C3]\]. In the recent US ADVANCE study of the HeartWare VAD, 28.3% of patients were transplanted 6 months after device implantation \[[@EZU258C4]\]. However, other countries including the UK do not prioritize stable VAD patients. In this setting, the UK is unique, with a striking fall in numbers of heart transplants and no prioritization of these patients. In the UK, the rate of bridging to transplantation is about 5 and 10% at 6 and 12 months, respectively \[[@EZU258C5]\]. The consequence of this low rate of transplantation is that those patients with device-related complications will not have access to timely transplantation, thereby potentially increasing the rate of adverse outcomes including death on the device. This is one explanation why destination therapy (DT) VADs have slightly worse outcomes compared with BTT \[[@EZU258C6]\]. The purpose of this study was to review outcomes of third-generation VADs implanted with the ultimate goal of transplantation, though in a setting of low rates of transplantation, and to determine factors that influence short- and long-term outcomes. Complications will accrue over time in VAD patients. Recently, VAD thrombosis has been highlighted as a particular issue that is difficult to treat \[[@EZU258C7]\]; we therefore analysed the rate of VAD thromboses in our centre, and its relation to outcomes.

MATERIALS AND METHODS {#s2}
=====================

Patient demographics {#s2a}
--------------------

In the UK, long-term mechanical circulatory support is only licensed as a BTT, which in practice has also meant that bridge to decision patients could also be implanted with a view to later transplant listing \[[@EZU258C8]\]. Patient characteristics are presented in Table [1](#EZU258TB1){ref-type="table"}. In patients with congenital heart disease, 5 of those had transposition of great arteries (2 were congenitally corrected), and 1 had coarctation of the aorta with dysplastic aortic valve and previous surgeries with resulting severe left ventricular (LV) dysfunction. One patient had undergone several procedures for congenital aortic valve and supravalvular stenosis, resulting in severe LV dysfunction. Table 1:Patient characteristicsTotal number102Age (years)47 ± 13Gender (*n*) Male89 Female13Diagnosis (*n*) Ischaemic40 Nonischaemic53 Congenital7 Restrictive2INTERMACS class (*n*) 16 237 325 434Preoperative echocardiogram LV end-diastolic dimension (cm)6.8 ± 1.0 LV end-systolic dimension (cm)6.1 ± 1.1 RV size (cm)4.6 ± 1.1 RV function grade (1--6)^a^4.2 ± 1.5[^1][^2]

All patients were treated with standard heart failure therapies as previously described \[[@EZU258C9]\]. Anticoagulation regimes varied during the time course of the study. For the HeartWare device, initially the target international normalized ratio (INR) was 2--2.5; this was subsequently increased in response to VAD thromboses to 2.5--3.5 and then subsequently changed to a target INR of 2.7. After December 2012 in response to information from HeartWare about higher doses of antiplatelets reducing rates of VAD thrombosis, the standard antiplatelet regime was changed to aspirin 300 mg daily, unless contraindicated. Prior to that we had used antiplatelet doses guided by thrombo-elastrography. Patients who developed a VAD thrombosis would have a second antiplatelet agent such as clopidogrel or prasugrel added to the aspirin. For the VentrAssist, we used a target INR of 2.5--3.5 and antiplatelet agents guided by thrombo-elastrography.

This study adhered to the terms of the United Kingdom Data and Protection Act and Freedom of Information Act, and was approved to obtain confidential information by the local Caldicott Guardian.

Data and statistical analysis {#s2b}
-----------------------------

Data are presented as mean ± standard deviation (SD) and duration of days as median. Outcome measures used were all-cause mortality and survival on the device using Kaplan--Meier survival curves, comparing above and below median values for each variable, and the Tarone--Ware test for significance. These analyses were carried out on the following parameters: age, gender, preoperative diagnosis, INTERMACS classification \[[@EZU258C10]\] and preoperative echocardiographic measurements of LV and right ventricular (RV) size and RV function. Echocardiograms were performed by experienced sonographers with LV dimensions determined from parasternal long axis views, and RV measurements from the basal four-chamber view. The RV function was categorized on a visual scale 1--6 (1 = normal, 2 = mild, 3 = mild--moderate, 4 = moderate, 5 = moderate--severe, 6 = severe dysfunction). Single unpaired comparisons were made with the Mann--Whitney *U*-test as data were not normally distributed. Cox regression analysis of parameters that showed significance in the Kaplan--Meier survival curves was performed. *P* \< 0.05 was considered significant. The statistical software used for analyses was SPSS Statistics Version 21.

RESULTS {#s3}
=======

Outcomes {#s3a}
--------

The study period was from the first third-generation device implanted at this centre in January 2009 to September 2013 consisting of 102 consecutive patients (median follow-up 628 ± 467 days and median duration of support on device 462 ± 426 days). Survival on the device was 75% at 1 year and 66% at 2 years (Fig. [1](#EZU258F1){ref-type="fig"}). In our cohort, 14 (13.7%) of 102 patients were transplanted at a median of 334 ± 347 days. Three (2.9%) were transplanted within the first 6 months. Four patients (3.9%) had the device explanted for myocardial recovery. Figure 1:Survival on device with explant for recovery or transplantation censored \[95% confidence interval (CI) of mean for survival time: 839--1157 days\].

Causes of death of those who died on support were (total 38): 10 intracranial haemorrhage, 6 multiorgan failure, 7 VAD thrombosis, 5 sepsis, 4 right heart failure, 2 cerebral infarction, 1 pulmonary haemorrhage, 1 colon cancer, 1 sudden cardiac death and 1 gastrointestinal haemorrhage. Overall there were 9 thrombotic deaths (VAD thrombosis plus cerebral infarction) and 12 haemorrhagic deaths from all causes of haemorrhage.

At the time of implant, 30 patients were on the transplant waiting list and 38 were listed subsequently. Thirty-four patients were never listed---the reasons for these were: 17 died before they were medically fit to go on the list, 10 were assessed but felt unsuitable for transplantation (compliance, overweight, medical contraindications and patient choice), 6 were not listed as there were signs of LV recovery and 1 patient was awaiting assessment and likely to go on the list thereafter.

During the study period, 5 patients required temporary mechanical support of whom 3 required extracorporeal membrane oxygenator (ECMO) pre-LVAD and 2 were supported with a short-term RV device (CentriMag®) postoperatively.

Predictors of outcomes {#s3b}
----------------------

Age significantly predicted early outcomes (defined as survival on device, Fig. [2](#EZU258F2){ref-type="fig"}). This included the overall follow-up time (*P* = 0.046, Fig. [2](#EZU258F2){ref-type="fig"}A), but the effect was primarily related to the first 90 days (all patients were discharged home within 90 days) (*P* = 0.030, Fig. [2](#EZU258F2){ref-type="fig"}B), and not in those that survived the first 90 days (deaths prior to 90 days censored, *P* = 0.51, Fig. [2](#EZU258F2){ref-type="fig"}C). A similar phenomenon was seen with the INTERMACS classification, in that more acute INTERMACS classes predicted outcomes (*P* = 0.046, Fig. [3](#EZU258F3){ref-type="fig"}A), 90-day outcomes (*P* = 0.010, Fig. [3](#EZU258F3){ref-type="fig"}B), but not outcomes in those that survived 90 days (*P* = 0.74, Fig. [3](#EZU258F3){ref-type="fig"}C). LV end-diastolic and end-systolic diameters and RV size had no significant effect on overall survival (all *P* = NS, data not shown). Poor preoperative RV function had a significant effect on survival in those who survived past 1 year (*P* = 0.009), though not earlier (Fig. [4](#EZU258F4){ref-type="fig"}). RV size had a borderline effect on survival in those who survived past 1 year (*P* = 0.067, data not shown). No significant effect on outcome was seen with gender, aetiology of heart failure or year of implant (all *P* = NS, data not shown). Figure 2:Survival on device of patients older or younger than 50 years. Overall survival (**A**) (95% CI: ≤50 years: 883--1242, \>50 years: 715--1182), early (up to 90 days, **B**) (95% CI: ≤50 years: 87--90, \>50 years: 69--85) and late (after 90 days with deaths before 90 days censored, **C**) (95% CI: ≤50 years: 951--1304, \>50 years: 932--1420). Odds ratios for adverse outcomes for older age were 1.97 for **A**, 3.90 for **B** and 1.05 for **C**. Figure 3:Survival on device of patients grouped into INTERMACS classes 1--4. Overall survival (**A**) \[95% confidence interval (CI): INTERMACS 1: 42--616, INTERMACS 2: 848--1424, INTERMACS 3: 744--1168, INTERMACS 4: 764--1204\], early (up to 90 days, **B**) (95% CI: INTERMACS 1--4: 29--101, 72--88, 88--91, 78--91) and late (after 90 days with deaths before 90 days censored, **C**) (95% CI: INTERMACS 1--4: 578--1016, 1011--1532, 765--1233, 885--1277). Figure 4:Relationship of preoperative right ventricular (RV) dysfunction to postoperative survival. Groups are divided into those greater than the median of right ventricular function score of 4, and those ≤4 \[95% confidence interval (CI) ≤4: 1151--1405, \>4: 552--900\]. The vertical line indicates 1 year, and after that there is a clear separation of both groups, though not before. Censoring the survival before 1 year results in a significant difference between these groups after 1 year (odds ratio 10.8).

Cox regression analysis was performed with parameters found to be significant with survival curves: age (continuous variable) and INTERMACS class and RV function (both categorical) (Table [2](#EZU258TB2){ref-type="table"}). These parameters are all significantly related to outcomes (survival on device). Of note, the Exp(*B*) (the predicted change in the hazard for a unit increase in the predictor) for INTERMACS class 1 is particularly high (19.931), indicating a large effect of this parameter on outcomes, though there were only 6 patients in this category. With respect to preoperative RV function and outcomes, as noted above, right heart failure is a relatively rare cause of death in these patients. None of the 4 right heart failure deaths as noted above occurred after 1 year. In the 14 patients who died after 1 year, 12 had Grades 5 and 6 preoperative RV dysfunction. Causes of death in these patients were haemorrhagic cerebrovascular accident (*n* = 5), postoperative VAD exchange (*n* = 4), sepsis (*n* = 2) and gastrointestinal bleeding (*n* = 1). Table 2:Cox regression analysis: The model below includes age (continuous variable), INTERMACS (categorical variable) and right ventricular function (RV, categorical)*P*-valueExp(*B*)95% CI for Exp(*B*)Age0.0011.0791.031--1.130INTERMACS (overall)0.006INTERMACS (Class 1)0.00119.9313.375--117.688INTERMACS (Class 2)0.4901.3660.563--3.315INTERMACS (Class 3)0.5260.7430.296--1.864RV (overall)0.045RV (Grade 1)0.0630.2100.041--1.086RV (Grade 2)0.0780.2160.039--1.189RV (Grade 3)0.8190.8790.293--2.640RV (Grade 4)0.0060.1530.040--0.580RV (Grade 5)0.4750.7240.299--1.755[^3]

Ventricular assist device thrombosis {#s3c}
------------------------------------

A VAD thrombosis was usually diagnosed by an increase in power of the device, with associated increase in circulating markers of haemolysis, muffled quality sound on auscultation of the device and often haematuria. In 1 patient, there was a VAD thrombus seen on the inflow cannula on echocardiography with associated reduction in power, confirmed at the time of device explant for urgent transplantation. There were 25 first VAD thromboses in these patients over the study period (*n* = 1 VentrAssist, *n* = 24 HeartWare). Thirteen patients had recurrent events. The cumulative incidence of first VAD thromboses was 33% at 2 years (Fig. [5](#EZU258F5){ref-type="fig"}). The median time to the first VAD thrombus was 404 days (range 67--1261 days). The VAD thrombosis event rate was 0.18 per patient-year for HeartWare and 0.07 for VentrAssist. Those who had a VAD thrombus were supported on the device for longer periods than those who did not have a thrombus (median 685 ± 366 vs 354 ± 431 days, *P* = 0.007, 95% confidence intervals of the mean 572--875 and 393--589). The VAD thromboses had no significant impact on patient survival on the device or overall survival (*P* = NS, data not shown). Figure 5:Cumulative freedom from first ventricular assist device (VAD) thrombosis \[95% confidence interval (CI): 962--1335 days\].

The timeline of the changes in the anticoagulation regime relative to the incidence of new VAD thromboses for HeartWare VADs only (divided into 6 monthly intervals noted as 'a' and 'b') is shown in Fig. [6](#EZU258F6){ref-type="fig"}. During the study period, there has been a change in the design of the HeartWare VAD inflow cannula in the form of a sintered area on the outer side facing the ventricle cavity to encourage epithelialisation that would reduce thrombus formation. The first of these sintered devices was implanted in September 2011 in this series. This had no significant antithrombotic effect in our cohort (*P* = NS, data not shown). Figure 6:The timeline of HeartWare® VAD (HVAD) thromboses and number of 6 months new HVAD thromboses, with corresponding changes in the anticoagulation and antiplatelet management noted. Each year is divided into the first 6 months (a) and second 6 months (b). After 2012, a standard dose of aspirin 300 mg daily was introduced and subsequent rates of new HVAD thromboses apparently decreased. INR: international normalized ratio.

VAD thromboses were treated in 21 of these 25 patients with intravenous Alteplase 15 mg which by protocol could be repeated on one occasion and, if those two doses did not resolve the thrombus, an infusion of Alteplase 90 mg was given over 90 min. Patients were then treated with intravenous heparin for several days after thrombolysis. Four patients were never given thrombolysis: in 2 this was due to concomitant bleeding, and in 2 this was because there was a satisfactory response to more intensive anticoagulation and antiplatelets (includes the only VentrAssist patient with a VAD thrombus).

Of the 25 patients who had VAD thromboses, 9 were alive on support at the end of the study, 2 died due to the thrombus, 7 had device exchanges, 3 had urgent transplants, 1 had a device explant and 3 died of unrelated causes. In those 7 patients who had device exchanges, 4 died postoperatively, 1 died late after exchange with a recurrent device thrombosis and 2 subsequently had nonurgent transplants.

DISCUSSION {#s4}
==========

This study provides unique long-term data on BTT with third-generation VADs in patients where access to transplantation has not been readily available, resulting in exposure of these patients to complications of long-term support. Preoperative RV dysfunction is a risk factor for adverse outcomes with long-term support, while older age and INTERMACS class predict early but not late outcomes. VAD thrombosis is relatively common, which is a serious complication that also occurs in association with longer support on the device, though not associated with increased mortality. Overall, there is a balance of thrombotic and haemorrhagic complications, with death rates similarly due to both of these, so that a change in anticoagulation regimes may benefit either bleeding or thrombosis but adversely affect the other. These results reflect our total experience from the first third-generation device implanted in 2009 and, during the course of the study, there have been incremental changes in our management of these patients with changes in anticoagulation regimens and introduction of a comprehensive home-based care system.

Predictors of outcomes {#s4a}
----------------------

Emin *et al.* \[[@EZU258C5]\] have recently published outcomes in the UK demonstrating improvements in survival over time with newer generation devices, and the results from this study reflect this improved survival. When compared with the INTERMACS registry outcomes, the results are slightly worse than the BTT outcomes (censored at transplantation), but very similar to the DT outcomes, and this difference is likely due to the availability of transplantation \[[@EZU258C6]\]. Risk factors for outcomes are also largely similar to those previously published---older age, more acute INTERMACS classification and poor preoperative RV function.

The one discrepancy is that whereas older age and INTERMACS classification are also early hazards in the INTERMACS registry, poor preoperative RV function only predicts poor outcomes after 1 year of support in this study, whereas in INTERMACS it is within 1--2 months. Quantifying RV function is prone to difficulties---particularly in this cohort of patients. We have used a visual assessment of RV function by experienced echocardiographers, while INTERMACS used other measures such as right atrial pressure, ascites or elevated bilirubin levels. Nevertheless, late right heart failure is well recognized \[[@EZU258C11]\]. Baumwol *et al.* have looked at failure to thrive and RV function late after left ventricular assist device implantation \[[@EZU258C12]\]. Those patients with failure to thrive over an average of 313 ± 254 days had a significant deterioration in RV function, whereas RV function did not change in the thriving group. Of note, whereas preoperative RV function is a predictor of adverse outcomes in this series, right heart failure is a relatively rare cause of death, suggesting that poor preoperative RV function predisposes to death from other complications.

Ventricular assist device thrombosis {#s4b}
------------------------------------

VAD thrombosis rates of 0.18 per patient-year for the HeartWare devices in this series are higher than those recently published from the ADVANCE and Continued Access Protocol Trials (0.08) \[[@EZU258C13]\]. However, the study from Najjar *et al.* is over a significantly shorter time period (median 271 days for those with a VAD thrombosis and 289 days for those without, compared with this study of 462 days). The shorter duration of follow-up will likely underestimate the rate of VAD thrombosis, due to the infrequency of VAD thrombus events in the initial 6 months of support. Indeed, our data show that the median time of the first presentation of this event is greater than 1 year post implant. To illustrate this, when we compare our data restricted to the same time of follow-up with the study by Najjar *et al.*, the VAD thrombosis rate is very similar at 0.09 events per patient-year (to 289 days). In our series, a VAD thrombosis was a marker of long-term support on the device compared with those without VAD thromboses---presumably because they survived the early postoperative hazards. Survival is not significantly different from those who did not have a VAD thrombus, though this does not mean that this is not a serious complication. If these patients who had a VAD thrombosis who had survived the early risks had not had a thrombus, their survival could potentially have been even greater.

Our data show that the rates of VAD thrombosis for the HeartWare are higher than that for the VentrAssist Device. Recently, the incidence of thrombosis of the HeartMate II device has been highlighted \[[@EZU258C7]\] with an increase in the rates of VAD thrombosis rates at 120 days from 2.2 to 8.4% from March 2011 to January 2013. This compares with the rate of VAD thrombosis in this series in the HeartWare device at 120 days of 6%. The median time to VAD thrombosis with the HeartMate II device has also decreased from 18.6 to 2.7 months, which compares with 13.5 months in this series for the HeartWare device.

It has to be noted that our VAD thromboses rates reflect the cumulative experience with the HeartWare device and our evolving understanding of an ideal anticoagulation and antiplatelet regimen. Najjar *et al.* have clearly shown that higher doses of antiplatelets prevent VAD thromboses, and our data from Fig. [6](#EZU258F6){ref-type="fig"} support that. If our patients were treated with higher doses of antiplatelets throughout the series, rates of VAD thromboses may have been significantly less. Looking at the causes of death, there appears to be a fine balance of haemorrhagic and thrombotic deaths (12 vs 9, respectively) and so higher doses of anticoagulation or antiplatelets may benefit rates of VAD thrombosis though predispose patients to serious bleeding complications.

LIMITATIONS {#s5}
===========

This is a relatively small, single-centre study, with those inherent limitations despite the unique patient population and relatively long follow-up. The results reflect a cumulative experience over 4 years and, as mentioned above, during this time treatment protocols have changed---particularly with respect to anticoagulation. We have concentrated on device thrombosis and right heart failure as complications of long-term support, though other complications such as stroke and infection are equally important.

CONCLUSIONS {#s6}
===========

BTT outcomes with third-generation devices in the absence of meaningful rates of transplantation closely match those of published DT outcomes. Reducing complications of long-term support such as VAD thrombosis and right heart failure are necessary to improve overall outcomes.
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[^1]: LV: left ventricular; RV: right ventricular.

[^2]: ^a^RV function grade: 1, normal; 2, mild; 3, mild--moderate; 4, moderate; 5, moderate--severe; 6, severe dysfunction.

[^3]: *P*-values, and Exp(*B*) are displayed. Exp(*B*) is the predicted change in the hazard for a unit increase in the predictor. For each categorical variable, the final category (INTERMACS 4 and RV function 6) are the reference categories and thus not shown in the table. 95% Confidence intervals (CIs) are shown for Exp(*B*).
